SUMMARY
Chaetognaths (arrow worms) are a separate phylum (Chaetognatha) of small carnivorous animals, dominantly pelagic, and a major component of today's plankton [1, 2] . The position of Chaetognatha among metazoan phyla remains equivocal-neither morphological nor molecular data provide definitive evidence [3] . Originating early in the Cambrian period [4] , if not earlier [5] , chaetognaths quickly became important members of marine metazoan communities [6] . Chaetognath grasping spines, originally reported as conodonts, occur worldwide in many Cambrian marine sediments [6, 7] . Fossilized chaetognath bodies, in contrast, are very rare: only two unequivocal specimens have been reported, both from the early Cambrian of China [8, 9] . Here we describe Capinatator praetermissus, a new genus and species, based on 50 specimens from several middle Cambrian Burgess Shale localities in British Columbia, many of which preserve evidence of soft tissues. Capinatator praetermissus reached body lengths of nearly 10 cm exclusive of fins, a much larger size than that of most living forms. Clusters of specimens preserving the body indicate that they were rapidly buried, providing indirect evidence that they swam near the seabed. The feeding apparatus comprises up to 25 spines in each half, almost double the maximum number in living chaetognaths. Early chaetognaths apparently occupied ecological niches associated with predatory euarthropods. The large body size and high number of grasping spines in C. praetermissus may indicate that miniaturization and migration to a planktonic lifestyle were secondary.
RESULTS
Previous reports of chaetognaths from the Burgess Shale (Cambrian, Stage 5) preserving soft tissues (i.e., features in addition to the grasping spines) proved controversial. Walcott [10] interpreted Amiskwia sagittiformis as a chaetognath, but the specimens show no evidence of grasping spines, and its affinities remain uncertain [11, 12] . Oesia disjuncta, originally described by Walcott [10] as an annelid worm, was identified as a chaetognath by Szaniawski [13] , a view challenged by Conway Morris [14] (but see [15] ). Oesia is now interpreted as a tube-dwelling enteropneust based on abundant new material from the Burgess Shale, rejecting a chaetognath affinity [16] .
Conway Morris [14] provided the first illustration and description of chaetognath grasping spines from the Burgess Shale based on United States National Museum (USNM) 199540, a specimen collected by Walcott and held by the Smithsonian Institution. Chaetognath spines assigned to Phakelodus tenuis (formerly Prooneotodus? tenuis), originally described as conodonts [7, 17, 18] , were already known from the late Cambrian, and other examples have extended the range to the Fortunian (lowermost Cambrian) [4, 6] . Chaetognaths with preserved soft parts are known from the lower Cambrian (Stage 3) Chengjiang biota (Yu'anshan Formation, Eoredlichia-Wutingaspis Biozone) of Yunnan Province, China. The two taxa represented, Protosagitta spinosa and Eognathacantha ercainella [8, 9] , each based on a single specimen, may be preservational variants of the same species [6, 19] . Until now, they were the only Cambrian chaetognath fossils known to preserve evidence of the body, including putative gonads and fins. Chaetognath grasping spines have been reported from the Carboniferous of Arkansas [20] , but a possible chaetognath from the Carboniferous Mazon Creek biota of Illinois, which preserves the body outline, lacks evidence of the grasping spines [19, 21] , and its affinities are uncertain.
Capinatator praetermissus is a new genus and species of Cambrian (Series 3, Stage 5) chaetognath that differs from known examples, living and fossil, in having up to 25 spines in each half of the grasping apparatus. The number of spines in living species ranges from three to 14 on each side of the head [3] . The two older Cambrian species from the Chengjiang biota, Eognathacantha ercainella and Protosagitta spinosa, show evidence of approximately six [8] and approximately nine [6] , respectively; they may represent the same species [6, 19] . (P. spinosa preserves structures on the left side that were interpreted as possible teeth [6] , but they appear to be incomplete and correspond in position to spines on the other side of the apparatus; thus, the specimen does not provide evidence for more than nine spines on each side.) Thirteen spines is the maximum recorded in the half apparatus of the widespread late Cambrian-early Ordovician chaetognath Phakelodus tenuis [22] , and it also has associated ''spicules'' [18] , which are not present in C. praetermissus.
C. praetermissus is based on 49 specimens, 18 of which, including the holotype, Royal Ontario Museum, Palaeobiology (ROMP) 64271_1, preserve evidence of the body in addition to the grasping spines. The generic name is derived from capio, to grasp and natator, swimmer, reflecting its predatory habit. The species name praetermissus, overlooked, refers to the long gestation between discovery and description: a few specimens were found more than 30 years ago by the Royal Ontario Museum (ROM) [12] during early exploration for new Burgess Shale sites in the Canadian Rockies [23] .
Preservation
Capinatator praetermissus is usually preserved with the horizontal axis parallel to bedding ( Figure 1 ) such that specimens appear approximately bilaterally symmetrical. Most specimens preserve only the grasping apparatus (60% overall; Table S1); the more decay-prone soft tissues have usually decayed (see [19] ). Specimens range from putative remains of the body but without heads (Figures S1A and S1C-S1H), to specimens that preserve variable amounts of the body but no fins ( Figures 1B-1K Figures  2L-2N , 2P, and 2R; Figures S3C, S3D, S3F, and S3G). Some specimens preserve the body folded in a V, presumably as a result of transport and burial ( Figures 1I-1K ). The pattern of preservation echoes decay experiments on the benthic chaetognath Paraspadella gotoi [19] . The most decay-resistant components are the chitinous [24] grasping spines and teeth, and perhaps the ventral and lateral plates, which survive even in the gut contents of chaetognaths that prey on other chaetognaths [25] .
The grasping spines were arranged in arcs on either side of the head ( Figures 3A and 3B [6] ). Thus spines may be superimposed in dorsoventrally flattened specimens (Figures 2B and 2D-2I) unless they are separated due to disarticulation of the grasping apparatus after decay (e.g., Figures 2M, 2N , 2P, and 2Q; Figures  S3C and S3D ). Where the spines are preserved tightly bunched and converging both proximally and distally ( Figure S3B ), the grasping apparatus may be flattened laterally or obliquely rather than dorsoventrally so that only one side was exposed when the slab was split. After splitting of the shale, some of the spines may remain on the part and others on the counterpart (e.g., Figure 2F ; Figures S4C and S4D ). Where the organic material survives, the spines appear shiny in reflected light and dark in cross-polarized light ( Figures S2A-S2D , S3B, and S3F) and are revealed in backscatter mode [26] (Figures 2B and 2C ; Figures S2E and S2F ). This may reflect a greater degree of sclerotization, such as that evidenced by the brown coloration of the grasping spines in some living chaetognaths (Figure 2A ), in contrast to the translucent nature of the teeth and lateral plates [27, 28] . Silicon ( Figure S2G ) and zinc occur in association with the chitin in the spines and teeth of living chaetognaths [24] , but there is no evidence of these elements in the fossils.
The spines are broad at the base and taper as they curve distally ( Figure 3C ). When they are preserved at an angle to bedding, however, they appear narrower, straighter, and near parallel sided. Intermediate attitudes result in intermediate outlines. Such differences may be evident within an apparatus ( Figures 2M, 2N , 2P and 2R; Figures S2-S4) . Some of the grasping spines in small individuals show a hook-like termination (e.g., Figures 2J and 2O ), probably as a result of flattening in different orientations to bedding.
Diagnosis
A chaetognath with about 25 simple grasping spines in each half of the apparatus and lacking differentiated teeth.
Description
The body outline tapers both anteriorly and posteriorly from its maximum width ( Figures 1B-1E and 3A) . The largest specimen, which is incomplete, is 9.5 cm long ( Figure 1F ), suggesting that C. praetermissus reached at least 10 cm in length. Several specimens show an axial structure, starting from behind the head, which is often darker than the rest of the trunk (Figures 1B-1E and 1K; Figures S2A and S2B) and is interpreted as the pharynx followed by the intestine. In a number of specimens, the trace of the intestine appears to extend the full preserved length of the trunk ( Figures 1B, 1D , 1E, and most clearly on the counterpart Figure S1B ), suggesting a short tail. Traces of the intestine are preserved even when the specimens have significantly decayed (Figures 1F-1H ). Poorly defined dark areas are present in a few examples ( Figures 1C-1E ) on either side of the intestine along the posteriormost 25% of the trunk immediately anterior of the anus. These areas correspond to the position of the ovaries in extant forms-similar poorly preserved structures in the Chengjiang chaetognath Protosagitta spinosa, positioned more anteriorly, were interpreted as ovaries [6] . Linear structures are preserved running the entire length of the body on either side of the gut in some specimens (Figures 1B-1E ). They appear fibrous in nature in more degraded specimens ( Figures 1F  and 1G ) and may represent traces of the longitudinal musculature used in swimming ( Figure 1A) . Preservation of lateral or terminal fins has not been confirmed in any specimens, but their absence is most likely taphonomic.
There is some evidence that the size and number of spines in the apparatus increases with body size (head width provides a proxy for body size in Table S1 ). Several associated specimens (Figures 1B-1D ; Figure S1A ) preserve evidence of at least five spines on each side of the apparatus in the smallest individual and 19 in the largest (Table S1 ). The spines are most easily enumerated where there has been some disarticulation of the apparatus during decay (e.g., Figure 2R ; Figures S3C and S3D) . Examples with 23-25 spines on each side are known from several articulated specimens (Figures 1H and 2F; Figures S3E, S4C , and S4D) and several isolated apparatuses ( Figure 1Q ; Figures S3C  and S3D ). Where the spines have separated during decay, they tend to form clusters of about five to eight spines ( Figures 2M,  2N , and 2R; Figures S3C and S3D ). This may reflect the configuration of muscle attachment to the plates within the head. Modern chaetognaths have both lateral and ventral plates. A darker sheet-like structure to which the spines appear to be connected is preserved in several specimens (e.g., Figures 2E, 2F-2H, 2J, and 2O and Figures S2A and S2B; Figure S3A) ; it is assumed to be the lateral plate.
Individual grasping spines are claw shaped-they curve in a single plane and taper to a point. The spines vary in length between specimens and also within an apparatus: the longest are 8-9 mm in length ( Figure 2P ; Table S1 ; Figure S3D ), the shortest being 0.75 mm ( Figure 2O) . A narrow median ridge runs the length of the spines parallel to the convex outer margin, which is thickened (e.g., Figures 2B and 2C ; Figures S2E and S2F) .
Some of the fossil specimens preserve smaller spines adaxial and somewhat posterior to the larger grasping spines, which likewise point forward ( Figures 2B, 2D , 2F, and 2L; Figures S2, S3E, and S4). The full outline of these spines is rarely preserved. These shorter spines are evident on the flanks of each half apparatus in disarticulated specimens ( Figure 2L ), where they comprise part of the maximum number (25 on each side) evident in any specimen. These smaller spines, which appear to lie ventral to the mouth (Figures 2B and 2F; Figures S2, S4C , and S4D) belong to the grasping apparatus; they are not differentiated as teeth, which tend to point backward in living chaetognaths (e.g., Figure 3G in [1] ).
The tips of the spines in a number of specimens from the Walcott Quarry are darker than the shaft of the spine (e.g., Figures 2J, 2K, and 2N ) and shiny in reflected light (Figures S3B and S3F) due to higher concentrations of carbon. These spine 1 mm (A, B, G, I, J, N, and O), 2 mm (F, H, L, M, and Q) , and 5 mm (D, E, and P). tips may correspond to the distal cone or cap on the spines of living chaetognaths, which are more dense and fibrous in nature than the rest of the spine [24, 28] , presumably for strengthening. The fossil spines that show these shiny tips tend to be less than 2 mm long, suggesting ontogenetic variation between juvenile and adult forms. Other head structures include the frontal lobe ( Figures 2B and 2F-2I ; Figures S2A-S2D and S4) , a large ventral depression that we interpret as the vestibule containing the mouth ( Figures 2B, 2F, 2G ; Figures S2A-S2D, S4C , and S4D), and possible evidence of the hood and hood attachment (Figures 2D and 2F ; Figure S4 ).
DISCUSSION
Our literature search indicates that the largest extant chaetognath is Pseudosagitta gazellae, which is recorded at 10.5 mm [29] . Chaetognaths up to 15 cm in length are mentioned by Margulis and Chapman [30] , but without a citation. Thus, C. praetermissus, which reached a length of 10 cm, is among the largest chaetognaths known. The strengthened tips of the grasping spines (Figures 2J and 2K ; Figures S3F and S3G ) may have assisted in prey capture [31] , which was effected by moving the opposing halves of the apparatus together (Movies S1 and S2). Living chaetognaths typically have teeth (anterior and posterior sets) in addition to the grasping spines, which are used for penetrating prey [31, 32] . Teeth lie anterior and adaxial to the grasping spines, but, unlike those spines, they tend to face posteriorly toward the mouth ( Figure 3G in [1] and Figure 23 .3 in [2] ). The internal structure of the grasping spines and teeth of modern chaetognaths are similar, and they form in the same way [24, 28] . C. praetermissus may represent a primitive morphology with multiple spines, some of which were presumably lost as chaetognaths diversified and adopted different feeding strategies; the smaller dorsal spines may even have evolved into teeth.
Chaetognaths have been placed near the base of the Bilateria, as sister to or an early-diverging member of the protostomes, as sister to or within Lophotrochozoa, or inside the Ecdysozoa, based mainly on molecular sequencing data; less plausibly, they have been grouped with deuterostomes due to similarities in development [33] [34] [35] [36] [37] [38] . Other analyses of metazoan relationships [39, 40] regarded their affinities as enigmatic or essentially omitted them from consideration [5] . Gasmi et al. [3] presented a molecular phylogeny based on RNA genes and used it to infer aspects of the morphological evolution of the group. Their analyses yielded a basal clade comprising Heterokrohniidae (Biphragmomorpha) and Eukrohniidae and identified the presence of transverse musculature as a primitive character. Evidence for the configuration of muscles in our fossil specimens, however, is equivocal. Protosagitta spinosa [6, 9] shows transverse structures along the length of the trunk, but these are too widely spaced to represent muscles [6] . Other morphological characters that might have sufficient preservation potential to contribute evidence of the phylogenetic position of fossil chaetognaths ( Figure 7 in [3] ) include the presence/absence of teeth and the presence/absence of anterior lateral fins. Eognathacantha ercainella [8] preserves a possible single narrow lateral fin. The Burgess Shale specimens lack teeth (although the smallest grasping spines may be equivalent), and the fins are unknown. The species from Chengjiang are likewise based on incompletely preserved specimens, and neither was included in a phylogenetic analysis. Molecular clock evidence suggests that chaetognaths may have originated in the Late Ediacaran [5] . The Cambrian taxa are too advanced to provide evidence of their likely relationship to other phyla.
Chaetognaths swim using dorsoventral undulations of the body: the tail fin generates thrust and, together with the lateral fins, serves for stabilization [41, 42] . Given that the fins of living chaetognaths decay rapidly relative to the rest of the body [19] , it is likely that Capinatator praetermissus had fins for propulsion that are not preserved (see reconstruction in Figure 4 ). Both Chengjiang specimens preserve evidence of the position of the anus, and this was used to calculate the trunk:tail length ratio and infer a pelagic as opposed to benthic mode of life [6, 42] . The narrow trunk in Capinatator (Figures 1B, 1E, and 3A) and the evidence that the gut extends to its preserved distal extremity ( Figures 1B, 1D , and 1E; Figure S1B ) indicate that the tail was short, as in Protosagitta spinosa from Chengjiang [6] . This, together with the lack of evidence for transverse muscles, is likewise consistent with a pelagic as opposed to benthic mode of life. Swimming forms are rare in Burgess Shale assemblages, presumably because they were more likely to avoid burial [43] : given the high preservation potential of the grasping spines, we might expect remains of Capinatator to be more abundant if it were benthic. The occurrence of clusters of specimens (ROMP 64271: Figure S1A ) suggests that Capinatator was occasionally overwhelmed by sedimentation events as it swam near the seafloor. It has been posited that chaetognaths diverged from a benthic ancestor and migrated into the water column by the early Cambrian [42] . The distribution of the late Cambrianearly Ordovician chaetognath Phakelodus indicates that it was pelagic [44] . Capinatator praetermissus may represent a transition from macrophagous nekton, where chaetognaths competed with predatory euarthropods for smaller arthropod prey [6] , to the smaller plankton feeding forms that are familiar today.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
